A critical role for astrocytes in hypercapnic vasodilation in brain by Howarth, C. et al.
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&+RZDUWK%$6XWKHUODQG+%&KRL&0DUWLQ%//LQG/.KHQQRXIϯ
-0/H'XH-033DNDQ5:.R*&5(OOLV'DYLHV0-/DXULW]HQ156LEVRQϰ
$0%XFKDQ	%$0DF9LFDUϱ
'MDYDG0RZDIDJKLDQ&HQWUHIRU%UDLQ+HDOWK8QLYHUVLW\RI%ULWLVK&ROXPELD9DQFRXYHUϲ
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$FXWH6WURNH3URJUDPPH5DGFOLIIH'HSWRI0HGLFLQH8QLYHUVLW\RI2[IRUG2[IRUG2;ϵ
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&RSHQKDJHQ '. &RSHQKDJHQ 1 'HQPDUN  'HSDUWPHQW RI 1HXURVFLHQFH 0RXQWϭϮ
6LQDL 6FKRRO RI 0HGLFLQH 1HZ <RUN 1<  86$ 'HSDUWPHQW  RI &OLQLFDOϭϯ
1HXURSK\VLRORJ\5LJVKRVSLWDOHW'.*ORVWUXS'HQPDUN 3UHVHQW DGGUHVV6FKRRO RIϭϰ
0HGLFLQH8QLYHUVLW\RI7DVPDQLD+REDUW$XVWUDOLDϭϱ
7KHVHDXWKRUVFRQWULEXWHGHTXDOO\WRWKLVZRUNϭϲ
&RUUHVSRQGLQJDXWKRU%ULDQ0DF9LFDU'MDYDG0RZDIDJKLDQ&HQWUHIRU%UDLQ+HDOWKϭϳ
:HVEURRN0DOO8QLYHUVLW\RI%ULWLVK&ROXPELD9DQFRXYHU97=&DQDGDϭϴ
 EPDFYLFDU#EUDLQXEFFD RU $ODVWDLU %XFKDQ $FXWH 6WURNH 3URJUDPPH 5DGFOLIIHϭϵ
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DODVWDLUEXFKDQ#PHGVFLR[DFXNϮϭ
1XPEHURISDJHVϮϮ
1XPEHURIILJXUHV  1XPEHURIWDEOHVϮϯ
1XPEHURIZRUGV$EVWUDFW,QWURGXFWLRQ'LVFXVVLRQϮϰ
&RQIOLFWRI,QWHUHVW7KHDXWKRUVGHFODUHQRFRPSHWLQJILQDQFLDOLQWHUHVWVϮϱ
Ϯ

$FNQRZOHGJHPHQWV 7KLV ZRUN ZDV IXQGHG E\ D 6LU +HQU\ :HOOFRPH 3RVW'RFWRUDOϮϲ
)HOORZVKLS &+ D *RYHUQPHQW RI &DQDGD 3RVW'RFWRUDO 5HVHDUFK )HOORZVKLS &+ DϮϳ
0LFKDHO 6PLWK )RXQGDWLRQ IRU +HDOWK 5HVHDUFK 3RVW'RFWRUDO )HOORZVKLS &+ D 1DWXUDOϮϴ
6FLHQFHVDQG(QJLQHHULQJ5HVHDUFK&RXQFLO 16(5&3RVW'RFWRUDO)HOORZVKLS -033DϮϵ
&,+5 'RFWRUDO 6WXGHQWVKLS 5:. D &DQDGD 5HVHDUFK &KDLU LQ 1HXURVFLHQFH %$0ϯϬ
&DQDGLDQ,QVWLWXWHVRI+HDOWK5HVHDUFK&,+5RSHUDWLQJJUDQWVϯϭ
DQG7&(LQWKHIUDPHZRUNRIWKH(5$1(71(8521%$0)RQGDWLRQ/HGXFTϯϮ
%$0$0%0-/+XPDQ)URQWLHUV6FLHQFH3URJUDP%$0*('1,+*0DQGϯϯ
16*('+HDUWDQG6WURNH)RXQGDWLRQ%$0+%&7KH:HOOFRPH7UXVW&0ϯϰ
5R\DO6RFLHW\8QLYHUVLW\5HVHDUFK)HOORZVKLS&0&DQFHU5HVHDUFK8.&$ϯϱ
1567KH+HQU\6PLWK&KDULW\$0%125'($)RXQGDWLRQIRUWKH&HQWHUIRU+HDOWK\ϯϲ
$JLQJ0-/ WKH/XQGEHFN)RXQGDWLRQ0-/ WKH12921RUGLVN)RXQGDWLRQ0-/DQGϯϳ
WKH 'DQLVK 0HGLFDO 5HVHDUFK &RXQFLO 0-/  :H WKDQN 'DYLG $WWZHOO IRU GLVFXVVLRQVϯϴ
UHJDUGLQJWKLVZRUN ϯϵ
ϯ

$EVWUDFWϰϬ
&HUHEUDOEORRGIORZ&%)LVFRQWUROOHGE\DUWHULDOEORRGSUHVVXUHDUWHULDO&2DUWHULDO2ϰϭ
DQG EUDLQ DFWLYLW\ DQG LV ODUJHO\ FRQVWDQW LQ WKH DZDNH VWDWH $OWKRXJK VPDOO FKDQJHV LQϰϮ
DUWHULDO&2DUHSDUWLFXODUO\SRWHQWWRFKDQJH&%)PP+JYDULDWLRQLQDUWHULDO&2FKDQJHVϰϯ
&%) E\  WKH FRXSOLQJ PHFKDQLVP LV LQFRPSOHWHO\ XQGHUVWRRG :H WHVWHG WKHϰϰ
K\SRWKHVLV WKDWDVWURF\WLFSURVWDJODQGLQ(3J(SOD\VDNH\UROHIRUFHUHEURYDVFXODU&2ϰϱ
UHDFWLYLW\DQGWKDWSUHVHUYHGV\QWKHVLVRIJOXWDWKLRQHLVHVVHQWLDOIRUWKHIXOOGHYHORSPHQWRIϰϲ
WKLVUHVSRQVHϰϳ
:HFRPELQHGWZRSKRWRQLPDJLQJPLFURVFRS\LQEUDLQVOLFHVZLWK in vivoZRUNLQUDWVDQGϰϴ
&%O- PLFH WR H[DPLQH WKH KHPRG\QDPLF UHVSRQVHV WR &2 DQG VRPDWRVHQVRU\ϰϵ
VWLPXODWLRQ EHIRUH DQG DIWHU LQKLELWLRQ RI DVWURF\WLF JOXWDWKLRQH DQG 3J( V\QWKHVLV :HϱϬ
GHPRQVWUDWH WKDWK\SHUFDSQLD LQFUHDVHG&2 HYRNHV DQ LQFUHDVH LQDVWURF\WH >&D@Lϱϭ
DQGVWLPXODWHV&2;DFWLYLW\7KHHQ]\PHGRZQVWUHDPRI&2;WKDWV\QWKHVL]HV3J(ϱϮ
PLFURVRPDOSURVWDJODQGLQ(V\QWKDVHGHSHQGVFULWLFDOO\IRULWVYDVRGLODWRUDFWLYLW\RQWKHϱϯ
OHYHO RI JOXWDWKLRQH LQ WKH EUDLQ :H VKRZ WKDW ZKHQ JOXWDWKLRQH OHYHOV DUH UHGXFHGϱϰ
DVWURF\WH FDOFLXPHYRNHG UHOHDVH RI 3J( LV GHFUHDVHG DQG YDVRGLODWLRQ WULJJHUHG E\ϱϱ
DVWURF\WH>&D@Lin vitroDQGE\K\SHUFDSQLDin vivo LVLQKLELWHGϱϲ
$VWURF\WH V\QWKHWLF SDWKZD\V GHSHQGHQW RQ JOXWDWKLRQH DUH LQYROYHG LQ FHUHEURYDVFXODUϱϳ
UHDFWLYLW\ WR&25HGXFWLRQV LQJOXWDWKLRQH OHYHOV LQDJHLQJVWURNHRUVFKL]RSKUHQLDFRXOGϱϴ
OHDGWRG\VIXQFWLRQDOUHJXODWLRQRI&%)DQGVXEVHTXHQWQHXURQDOGDPDJHϱϵ
ϲϬ
.H\ZRUGVDVWURF\WHFHUHEUDOEORRGIORZFDOFLXPJOXWDWKLRQHK\SHUFDSQLDϲϭ
ϲϮ
ϲϯ
ϲϰ
ϰ

ϲϱ
6LJQLILFDQFHVWDWHPHQWϲϲ
1HXURQDODFWLYLW\OHDGVWRWKHJHQHUDWLRQRI&2ZKLFKKDVSUHYLRXVO\EHHQVKRZQWRHYRNHϲϳ
FHUHEUDOEORRGIORZ&%)LQFUHDVHVYLDWKHUHOHDVHRIWKHYDVRGLODWRU3J(:HGHPRQVWUDWHϲϴ
WKDW K\SHUFDSQLD LQFUHDVHG&2 HYRNHV LQFUHDVHV LQ DVWURF\WH FDOFLXP VLJQDOLQJZKLFK LQϲϵ
WXUQVWLPXODWHV&2;DFWLYLW\DQGJHQHUDWHVGRZQVWUHDP3J(SURGXFWLRQ:HGHPRQVWUDWHϳϬ
WKDWDVWURF\WHFDOFLXPHYRNHGSURGXFWLRQRIWKHYDVRGLODWRU3J(LVFULWLFDOO\GHSHQGHQWRQϳϭ
EUDLQOHYHOVRIWKHDQWLR[LGDQWJOXWDWKLRQH7KHVHGDWDVXJJHVWDQRYHOUROHIRUDVWURF\WHVLQϳϮ
WKH UHJXODWLRQ RI &2HYRNHG &%) UHVSRQVHV )XUWKHUPRUH WKHVH UHVXOWV VXJJHVW WKDWϳϯ
GHSOHWHGJOXWDWKLRQHOHYHOVZKLFKRFFXULQDJHLQJDQGVWURNHZLOOJLYHULVHWRG\VIXQFWLRQDOϳϰ
FHUHEUDOEORRGIORZUHJXODWLRQDQGPD\UHVXOWLQVXEVHTXHQWQHXURQDOGDPDJHϳϱ
ϳϲ
,QWURGXFWLRQϳϳ
$VWURF\WH >&D@L WUDQVLHQWV KDYH EHHQ VKRZQ WR GLUHFWO\ DOWHU GLDPHWHUV RI FHUHEUDOϳϴ
DUWHULROHV LQ H[SHULPHQWV XVLQJ HLWKHU GLUHFW DVWURF\WH VWLPXODWLRQ RU FDOFLXP XQFDJLQJ LQϳϵ
DVWURF\WHV RI MXYHQLOH =RQWD HW DO  0XOOLJDQ DQG 0DF9LFDU  *RUGRQ HW DOϴϬ
 RU DGXOW DQLPDOV 7DNDQR HW DO   +RZHYHU VHYHUDO ODEV KDYH SXEOLVKHGϴϭ
FRQWUDGLFWRU\HYLGHQFHRQZKHWKHULQDGXOWDQLPDOVDVWURF\WH>&D@LVLJQDOLQJLVHYRNHGE\ϴϮ
V\QDSWLFDFWLYLW\OHDGLQJWRQHXURYDVFXODUFRXSOLQJ=RQWDHWDO3HW]ROGHWDOϴϯ
6FKXO]HWDO/LQGHWDO2WVXHWDORUQRW1L]DUHWDO7DNDWDHWϴϰ
DO  %RQGHU DQG 0F&DUWK\  0RUH UHFHQWO\ DVWURF\WH >&D@L ZDV VKRZQ WRϴϱ
PRGLI\EDVDODUWHULROH WRQH LQDGXOWDQLPDOV 5RVHQHJJHUHWDO 7KHUHIRUH LW LVVWLOOϴϲ
SRRUO\ XQGHUVWRRG ZKHQ KRZ DQG XQGHU ZKDW FRQGLWLRQV DVWURF\WH >&D@L VLJQDOLQJϴϳ
FRQWULEXWHVWRWKHUHJXODWLRQRIFHUHEUDOEORRGIORZ&%)ϴϴ
ϱ

,QWKLVZRUNZHLQYHVWLJDWHGWKHPHFKDQLVPVXQGHUO\LQJ&%)UHVSRQVHVWRLQFUHDVHGϴϵ
EORRG&2FRQFHQWUDWLRQVK\SHUFDSQLDDQGWKHSRWHQWLDOFRQWULEXWLRQRIDVWURF\WHVWRWKRVHϵϬ
&%)UHVSRQVHV$UWHULDO&2KDVDSRWHQWHIIHFWRQ&%)ZLWKDPP+JYDULDWLRQHOLFLWLQJDϵϭ
&%)FKDQJH+DXJHHWDO+RZHYHUWKHPHFKDQLVPFRXSOLQJDFKDQJHLQ&2ϵϮ
WRDFKDQJH LQ&%) LV LQFRPSOHWHO\XQGHUVWRRG7KHUHDUHSDUDOOHOVEHWZHHQ WKHYDVRDFWLYHϵϯ
VLJQDOV JHQHUDWHG E\ DVWURF\WHV DQG WKRVH XQGHUO\LQJ K\SHUFDSQLDHYRNHG &%) UHVSRQVHVϵϰ
$VWURF\WHV KDYH EHHQ VKRZQ WR GLUHFWO\ PRGLI\ DUWHULROH GLDPHWHU ZKHQ WKHLU LQWUDFHOOXODUϵϱ
>&D@L LQFUHDVHVDFWLYDWLQJ3/$ +HHWDODQG WKHUHE\JHQHUDWLQJDUDFKLGRQLFDFLGϵϲ
$$DQGVHYHUDOYDVRDFWLYHPHWDEROLWHVLQFOXGLQJ3J(ZKLFKFDXVHVYDVRGLODWLRQ=RQWDHWϵϳ
DO7DNDQRHWDO*RUGRQHWDO$WWZHOOHWDO,QDGGLWLRQWRWKHLUϵϴ
UROHV LQ QHXURYDVFXODU FRXSOLQJ ERWK 3J( :DJHUOH DQG 0LVKUD  :DJHUOH DQGϵϵ
'HJLXOLRDQGF\FORR[\JHQDVH&2;DFWLYLW\1LZDHWDODUHLQYROYHGLQϭϬϬ
LQFUHDVLQJ&%)GXULQJK\SHUFDSQLD:HH[DPLQHGWKHSRWHQWLDOOLQNEHWZHHQDVWURF\WHVDQGϭϬϭ
LQFUHDVHG&%)GXULQJK\SHUFDSQLDEHFDXVHDVWURF\WHVH[SUHVVWKHHQ]\PHVWKDWDUHLQYROYHGϭϬϮ
LQV\QWKHVL]LQJ3J(IURP$$GXULQJK\SHUFDSQLDLQGXFHG&%)FKDQJHV1LZDHWDOϭϬϯ
)RUH[DPSOHP51$IRUERWK&2;DQGPLFURVRPDOSURVWDJODQGLQ(V\QWKDVHP3J(6ϭϬϰ
DUHUHSRUWHGLQWUDQVFULSWRPHVWXGLHVWREHKLJKO\H[SUHVVHGLQDVWURF\WHVEXWQRWQHXURQVHJϭϬϱ
SWJVDOVRNQRZQDV&2; LVIROGKLJKHU LQDVWURF\WHV WKDQ LQQHXURQV &DKR\HWDOϭϬϲ
 =KDQJ HW DO   $VWURF\WHV DUH LPPXQRUHDFWLYH IRU ERWK WKH HQ]\PH SURWHLQVϭϬϳ
&2;7DNDQRHWDO*RUGRQHWDODQGP3J(6)LJXUH$DQG7DFKLNDZDHWϭϬϴ
DOP3J(6WKHIRUPRISURVWDJODQGLQ(V\QWKDVHH[SUHVVHGLQDVWURF\WHVUHTXLUHVϭϬϵ
WKH FRIDFWRU JOXWDWKLRQH *6+ -DNREVVRQ HW DO  0XUDNDPL HW DO  WKDW LVϭϭϬ
SUHVHQW LQ KLJK OHYHOV LQ DVWURF\WHV )LJXUH % DQG 6XQ HW DO  %UDJLQ HW DO ϭϭϭ
5RELOODUG HW DO   :H LQYHVWLJDWHG ZKHWKHU K\SHUFDSQLD FDQ HYRNH DQ LQFUHDVH LQϭϭϮ
DVWURF\WH >&D@L in vivo DQG LI VR ZKHWKHU WKLV UHVXOWV LQ DFWLYDWLRQ RI D 3J(PHGLDWHGϭϭϯ
ϲ

YDVRGLODWLRQ  ,Q GRLQJ VR ZH GHPRQVWUDWH D QRYHO *6+ GHSHQGHQW PHFKDQLVP RI &%)ϭϭϰ
UHJXODWLRQZKLFKLQYROYHVDVWURF\WHVDQGWKH*6+VHQVLWLYHUHOHDVHRI3J(ϭϭϱ
ϭϭϲ
0DWHULDOVDQG0HWKRGVϭϭϳ
Slice preparation ϭϭϴ
P KLSSRFDPSDOQHRFRUWLFDO VOLFHV ZHUH SUHSDUHG IURP PDOH DQG IHPDOH MXYHQLOHϭϭϵ
SRVWQDWDODJHGD\V6SUDJXH'DZOH\UDWV7UHDWPHQWRIDQLPDOVZDVDSSURYHGE\WKHϭϮϬ
8QLYHUVLW\RI%ULWLVK&ROXPELD$QLPDO&DUHDQG8VH&RPPLWWHH $VSUHYLRXVO\GHVFULEHGϭϮϭ
*RUGRQ HW DO  UDWV ZHUH DQDHVWKHWL]HG ZLWK KDORWKDQH GHFDSLWDWHG DQG WKH EUDLQVϭϮϮ
UHPRYHG LQWR LFHFROG VOLFLQJ VROXWLRQ FRQWDLQLQJ LQP0.&O 1D+&2 &D&OϭϮϯ
0J621D+32JOXFRVHVXFURVHVDWXUDWHGZLWK2&2ϭϮϰ
P WUDQVYHUVH KHPLVHFWLRQVZHUH LQFXEDWHG DW & LQ D&6) FRQWDLQLQJ LQP0ϭϮϱ
1D&O  .&O  1D+&2  &D&O  0J&O  1D+32  JOXFRVH ϭϮϲ
VDWXUDWHGZLWK2&2IRUPLQ)RUH[SHULPHQWVVOLFHVZHUHDW±&D&6)ϭϮϳ
ZDVVDWXUDWHGZLWK2&2EDODQFHG1DQGSHUIXVHGDWaPOPLQ+HDOWK\VOLFHVϭϮϴ
FDQEHPDLQWDLQHGLQ2ZKLFKSURYLGHVDS2DWWKHORZHQGRIWKHSK\VLRORJLFDOUDQJHϭϮϵ
*RUGRQ HW DO  $VWURF\WHV ZHUH ORDGHG ZLWK WKH FDJHG ,3 FRPSRXQG 19,3$0ϭϯϬ
μJPO DQGRU WKH&D LQGLFDWRU UKRG$0 μ0 ,QYLWURJHQ DV SUHYLRXVO\ GHVFULEHGϭϯϭ
0XOOLJDQ DQG 0DF9LFDU  *RUGRQ HW DO   6OLFHV ZHUH ORDGHG ZLWKϭϯϮ
PRQRFKORURELPDQH 0&% )OXND LQ WKH GDUN DW URRP WHPSHUDWXUH IRU  PLQXWHV DVϭϯϯ
SUHYLRXVO\GHVFULEHG5RELOODUGHWDOϭϯϰ
Two-photon imaging and uncaging in acute brain slices ϭϯϱ
ϳ

$ WZRSKRWRQ ODVHUVFDQQLQJ PLFURVFRSH =HLVV /60$[LRVNRS ILWWHG ZLWK D ;ϭϯϲ
:QXPHULFDO DSHUWXUHREMHFWLYH OHQV FRXSOHG WR D&KDPHOHRQXOWUD ,,7LVDSSKLUH ODVHUϭϯϳ
aIV SXOVHV 0+]&RKHUHQW SURYLGHG H[FLWDWLRQRI UKRG DQGZDV XVHG WR XQFDJHϭϯϴ
,3,PDJHVZHUHDFTXLUHGȝPEHORZWKHVOLFHVXUIDFH5KRGIOXRUHVFHQFHLPDJLQJϭϯϵ
DQG WZRSKRWRQ XQFDJLQJ ZDV SHUIRUPHG XVLQJ ODVHU VHWWLQJV DQG HPLVVLRQ ILOWHUV DVϭϰϬ
SUHYLRXVO\GHVFULEHG*RUGRQHWDO0&%ZDVH[FLWHGDWQPDQGGHWHFWHGZLWKDϭϰϭ
307DWQPDVSUHYLRXVO\GHVFULEHG5RELOODUGHWDO $UWHULROHVGHILQHGDVϭϰϮ
YHVVHOVZLWK GLDPHWHU !P VXUURXQGHG E\ D YLVLEOH OD\HU RI VPRRWKPXVFOH FHOOVZHUHϭϰϯ
LPDJHGE\DFTXLULQJWKHWUDQVPLWWHGODVHUOLJKWDQGXVLQJ,5',&RSWLFVϭϰϰ
Glutathione and PgE2 measurements ϭϰϱ
3URWRFROVLQVXSSOLHUV
LQVWUXFWLRQVZHUHIROORZHGIRUWKH3J((/,6$DQGJOXWDWKLRQHDVVD\Vϭϰϲ
:KHQPHDVXULQJ 3J( UHOHDVH IURP DFXWH EUDLQ VOLFHV WHWURGRWR[LQ ȝ0$ODPRQH /DEVϭϰϳ
ZDVDGGHGWRGDPSHQQHXURQDODFWLYDWLRQ3J(UHOHDVHIURPDFXWHEUDLQVOLFHVZDVPHDVXUHGϭϰϴ
XVLQJ D 6SHFLILF 3DUDPHWHU 3J( (/,6$ NLW 5	' V\VWHPV 0LQQHDSROLV 01 86$ϭϰϵ
0HDVXUHPHQWVRIWLVVXHJOXWDWKLRQHOHYHOVZHUHPDGHXVLQJDVSHFLILFWRWDOJOXWDWKLRQHDVVD\ϭϱϬ
NLWIURPHLWKHU%LR9LVLRQ0LOSLWDV&$86$RU$VVD\'HVLJQV$QQ$UERU0,86$ϭϱϭ
ImmunohistochemistryϭϱϮ
5DWVZHUHDQHVWKHWL]HGZLWKKDORWKDQHJLYHQDQLQWUDSHULWRQHDOLQMHFWLRQRIXUHWKDQHPOϭϱϯ
RI  XUHWKDQH SHU J ERG\ ZHLJKW DQG SHUIXVHG ZLWK VDOLQH  1D&O LQ 0ϭϱϰ
SKRVSKDWH EXIIHU IROORZHG E\  SDUDIRUPDOGHK\GH 3)$ LQ 0 SKRVSKDWH EXIIHUHGϭϱϱ
VDOLQH3%67KHEUDLQZDVH[WUDFWHGSRVWIL[HGVXFURVHLQ3)$RYHUQLJKWDQGϭϱϲ
FU\RSURWHFWHGVXFURVHLQ3%6RYHUQLJKW8VLQJDFU\RVWDWPVHULDOVHFWLRQVLQWKHϭϱϳ
KRUL]RQWDO SODQH ZHUH FROOHFWHG WKURXJKRXW WKH EUDLQ )UHHIORDWLQJ VHFWLRQV ZHUH EORFNHGϭϱϴ
ϴ

ZLWKQRUPDOJRDWVHUXP1*6-DFNVRQ,PPXQRUHVHDUFK/DERUDWRULHV:HVW*URYH3$ϭϱϵ
DQG7ULWRQ;LQ3%6IRUKRXUDQGLQFXEDWHGLQ3%6FRQWDLQLQJ7ULWRQ;ϭϲϬ
DQGSULPDU\DQWLERGLHVDJDLQVW3J(V\QWKDVHDQWLP3J(62ODMLGHHWDO7XXUHHWϭϲϭ
DO  $JULVHUD >&DWDORJXH QXPEHU $6 @  DV ZHOO DV DQ DVWURF\WHϭϲϮ
SKHQRW\SLF PDUNHU DQWL*)$3 /DWKLD HW DO  6LJPD >&DWDORJXH QXPEHU *ϭϲϯ
&ORQH QXPEHU *$@  RYHUQLJKW DW & 7LVVXH ZDV ULQVHG DQG LQFXEDWHG LQϭϲϰ
$OH[D)OXRU  JRDW DQWLPRXVH DQG$OH[D)OXRU  JRDW DQWLUDEELW VHFRQGDU\ DQWLERGLHVϭϲϱ
0ROHFXODU3UREHVGLOXWHGLQ3%61*6DQG7ULWRQ;IRUKRXUVDWϭϲϲ
URRP WHPSHUDWXUH 7KH WLVVXH ZDV ULQVHG PRXQWHG RQWR VOLGHV DQG FRYHUVOLSSHG XVLQJϭϲϳ
)OXRUVDYH PRXQWLQJ PHGLXP &DOELRFKHP ,PDJHV ZHUH DFTXLUHG ZLWK DQ 2O\PSXVϭϲϴ
)OXRYLHZ)9FRQIRFDOPLFURVFRSHϭϲϵ
DrugsϭϳϬ
W$&3'FORQLGLQHQRUHSLQHSKULQH6LJPDDQG3J(&D\PDQ&KHPLFDOVZHUHEDWKDSSOLHGϭϳϭ
IRU ±PLQ  6& 6LJPD ZDV SUHLQFXEDWHG IRU  PLQXWHV %ODQFR HW DO ϭϳϮ
IROORZHGE\EDWKDSSOLFDWLRQDQG%626LJPDZDVSUHLQFXEDWHG IRUKRXUV 6XQHW DOϭϳϯ
IROORZHGE\EDWKDSSOLFDWLRQWKURXJKRXWWKHH[SHULPHQW19,3$0ZDVV\QWKHVL]HGϭϳϰ
E\*(OOLV'DYLHVϭϳϱ
Animals - In vivo blood flow measurements in rats ϭϳϲ
$OOSURFHGXUHVZHUHDSSURYHGE\ WKH8QLYHUVLW\RI2[IRUG(WKLFDO5HYLHZ&RPPLWWHHDQGϭϳϳ
FRPSOLHG ZLWK WKH UHTXLUHPHQWV RI WKH $QLPDOV 6FLHQWLILF 3URFHGXUHV $FW  8.ϭϳϴ
$QLPDOVZHUHKRXVHGLQDQDQLPDOKRXVLQJIDFLOLW\LQDKUDOWHUQDWLQJOLJKWGDUNF\FOHZLWKϭϳϵ
ad libitum DFFHVVWRIRRGDQGZDWHU0DOH:LVWDUUDWVZHUHXVHGJϭϴϬ
Intracerebral injection ϭϴϭ
ϵ

)RUVXUJLFDOSURFHGXUHVUDWVZHUHDQDHVWKHWLVHGZLWKLVRIOXUDQHDQGPDLQWDLQHGDWϭϴϮ
LVRIOXUDQHLQ2DQG12(DFKUDWZDVSODFHGLQDVWHUHRWD[LFIUDPHDQGWKHVNXOOϭϴϯ
H[SRVHG$EXUUKROHZDVGULOOHGDWPPFDXGDODQGPPODWHUDOWREUHJPDDQGWKHGXUDϭϴϰ
PDWHUZDVILQHO\GLVVHFWHGDZD\WRH[SRVHWKHFRUWH[ȝORIPJP/%623LOHEODGDQGϭϴϱ
0DJQXVVRQRUVDOLQHZDVLQIXVHGE\DPLFURLQIXVLRQSXPSDWDUDWHRIȝOPLQϭϴϲ
LQWRWKHULJKWZKLVNHUEDUUHOFRUWH[DWDGHSWKRIPPIURPWKHEUDLQ¶VVXUIDFH7KLVGRVHRIϭϴϳ
%62KDVSUHYLRXVO\EHHQVKRZQWRDGHTXDWHO\UHGXFH*6+ZLWKLQKRXUVRIDGPLQLVWUDWLRQϭϴϴ
3LOHEODGDQG0DJQXVVRQ DQGZHVKRZHG WKDW%62DGPLQLVWHUHG LQ WKLVZD\FRXOGϭϴϵ
GHFUHDVH*6+ OHYHOV LQ WKH LSVLODWHUDO FRUWH[ E\KRXUVSRVWLQMHFWLRQ )LJXUH &ϭϵϬ
DQGLQWKHLSVLODWHUDOVWULDWXPE\*6+P0PHDVXUHGLQVDOLQHWUHDWHGP0ϭϵϭ
%62WUHDWHGP0S Q SHUJURXSYDOXHVH[SUHVVHGDVPHDQVHPϭϵϮ
$IWHUWKHLQIXVLRQERQHZD[ZDVSODFHGRYHUWKHEXUUKROHDQGWKHZRXQGZDVFORVHGZLWKϭϵϯ
 VXWXUHV $QLPDOV UHFRYHUHG IRU  KRXUV SULRU WR DVVHVVPHQW RI *6+ OHYHOV Q    SHUϭϵϰ
JURXSRUHYRNHGEORRGIORZUHVSRQVHVQ SHUJURXSϭϵϱ
Whisker pad stimulation and hypercapnia: In vivo blood flow measurements ϭϵϲ
 KRXUV SRVW%62VDOLQH WUHDWPHQW DQLPDOV KDG WKHLU OHIW IHPRUDO DUWHU\ FDQQXODWHG IRUϭϵϳ
EORRG JDV PHDVXUHPHQW DQG ZHUH WUDFKHRWRPLVHG DQG YHQWLODWHG ZLWK  LVRIOXUDQH LQϭϵϴ
2DQG1$ODVHU'RSSOHUSUREH3HULPHG-lUIlOOD6ZHGHQWRPRQLWRUUHODWLYHϭϵϵ
FHUHEUDO EORRG IORZ &%) ZDV SODFHG RYHU WKH ULJKW ZKLVNHU EDUUHO FRUWH[ ZKHUH WKHϮϬϬ
LQWUDFHUHEUDO LQMHFWLRQZDVPDGHDQGELSRODU VWLPXODWLQJHOHFWURGHVZHUHSODFHG LQ WKH OHIWϮϬϭ
ZKLVNHU SDG )RU VRPH H[SHULPHQWV D ORFDO ILHOG SRWHQWLDO /)3 HOHFWURGH IRU QHXURQDOϮϬϮ
DFWLYLW\ZDVDOVRSODFHGRQWKHH[SRVHGFRUWH[WRPRQLWRUQHXURQDODFWLYLW\$OODQLPDOVKDGDϮϬϯ
VWHDG\VWDWHEORRGJDVVHH7DEOHSULRUWREHJLQQLQJH[SHULPHQWVϮϬϰ
ϭϬ

$Q HOHFWULFDO VWLPXOXV +] V GXUDWLRQ P$ PV SXOVHZLGWK V LQWHUVWLPXODWLRQϮϬϱ
LQWHUYDOWRHYRNHDEORRGIORZUHVSRQVHLQWKHULJKWZKLVNHUEDUUHOFRUWH[ZDVFDUULHGRXWIRUϮϬϲ
 WULDOV SHU DQLPDO )ROORZLQJ WKLV DQLPDOV ZHUH H[SRVHG WR &2 IRU V DW  PLQϮϬϳ
LQWHUYDOVUHSHDWHGIRXUILYHWLPHVWRLQGXFHK\SHUFDSQLFEORRGIORZUHVSRQVHV$QLPDOVZHUHϮϬϴ
HXWKDQL]HGDQGWKHFRUWH[GLVVHFWHGIRUPHDVXUHPHQWRI*6+OHYHOVϮϬϵ
)RU 6& H[SHULPHQWV QDwYH UDWV ZHUH DQDHVWKHWL]HG ZLWK LVRIOXUDQH $QDHVWKHVLD ZDVϮϭϬ
LQGXFHG ZLWK  LVRIOXUDQH DQG PDLQWDLQHG GXULQJ VXUJHU\ ZLWK  LVRIOXUDQH 'XULQJϮϭϭ
VWLPXODWLRQ DQDHVWKHVLD ZDV PDLQWDLQHG ZLWK  LVRIOXUDQH ,VRIOXUDQH ZDV FDUULHG LQϮϭϮ
2DQG15DWVKDG WKHLU OHIW IHPRUDODUWHU\DQGYHLQFDQQXODWHGDQGZHUHDOVRϮϭϯ
WUDFKHRWRPLVHGDQGYHQWLODWHG$ ODVHU VSHFNOH FDPHUD 0RRU ,QVWUXPHQWV$[PLQVWHU8.Ϯϭϰ
ZDV XVHG WRPRQLWRU UHODWLYH &%) RYHU D WKLQ VNXOO ZLQGRZ RYHU WKH ULJKWZKLVNHU EDUUHOϮϭϱ
FRUWH[ZKLOHDQ/)3HOHFWURGHIRUQHXURQDODFWLYLW\ZDVLQVHUWHGWKURXJKDEXUUKROH%LSRODUϮϭϲ
VWLPXODWLQJHOHFWURGHVZHUHSODFHGLQWKHOHIWZKLVNHUSDG$QLPDOVKDGDVWHDG\VWDWHEORRGϮϭϳ
JDV SULRU WR DQG DIWHU GUXJ DGPLQLVWUDWLRQ VHH7DEOH $Q HOHFWULFDO VWLPXOXV +] VϮϭϴ
GXUDWLRQ P$ PV SXOVHZLGWK V LQWHUVWLPXODWLRQ LQWHUYDO WR HYRNH D EORRG IORZϮϭϵ
UHVSRQVHLQWKHULJKWZKLVNHUEDUUHOFRUWH[ZDVFDUULHGRXWIRUWULDOVSHUDQLPDO)ROORZLQJϮϮϬ
WKLV DQLPDOV ZHUH H[SRVHG WR &2 IRU V DW PLQ LQWHUYDOV UHSHDWHG IRXU WLPHV WRϮϮϭ
LQGXFHDK\SHUFDSQLFEORRGIORZUHVSRQVH$QLPDOVZHUHWKHQDGPLQLVWHUHGPJNJ6&ϮϮϮ
RU '062 YHKLFOH LQWUDYHQRXVO\ 6& LV D KLJKO\ OLSRSKLOLF&2; LQKLELWRU DQGϮϮϯ
GLVWULEXWHV ZLGHO\ LQWR WLVVXHV 7HQJ HW DO  DQG WKLV GRVH ZDV FKRVHQ IRU PD[LPDOϮϮϰ
WDUJHWHIILFLHQF\=KDQJHWDO$IWHUPLQXWHVWKHHIIHFWRI&2;LQKLELWLRQRQWKHϮϮϱ
HYRNHG&%)UHVSRQVHVWRZKLVNHUVWLPXODWLRQDQGK\SHUFDSQLDZHUHPHDVXUHGϮϮϲ
Animals – In vivo calcium imaging ϮϮϳ
ϭϭ

)RU in vivo H[SHULPHQWV DOO SURFHGXUHV LQYROYLQJ DQLPDOV ZHUH DSSURYHG E\ WKH 'DQLVKϮϮϴ
1DWLRQDO(WKLFV&RPPLWWHH DFFRUGLQJ WR WKHJXLGHOLQHV VHW IRUWK LQ WKH(XURSHDQ&RXQFLO¶VϮϮϵ
&RQYHQWLRQ IRU WKH 3URWHFWLRQ RI 9HUWHEUDWH $QLPDOV XVHG IRU ([SHULPHQWDO DQG 2WKHUϮϯϬ
6FLHQWLILF3XUSRVHVZHHNROGPDOH&%O-PLFHZHUHXVHGϮϯϭ
In vivo calcium imaging ϮϯϮ
)RU H[SHULPHQWV LQYROYLQJPLFH DQDHVWKHVLDZDV LQGXFHGZLWK EROXV LQMHFWLRQV RI WKH ĮϮϯϯ
DGUHQHUJLF UHFHSWRU DJRQLVW [\OD]LQH PJNJ LS DQG WKH 10'$UHFHSWRU DQWDJRQLVWϮϯϰ
NHWDPLQH PJNJ LS  $QDHVWKHVLD ZDV PDLQWDLQHG GXULQJ VXUJHU\ ZLWK VXSSOHPHQWDOϮϯϱ
GRVHV RI NHWDPLQH  PJNJ PLQ LS  8SRQ FRPSOHWLRQ RI DOO VXUJLFDO SURFHGXUHVϮϯϲ
DQHVWKHVLDZDVVZLWFKHGWRFRQWLQXRXVLQIXVLRQZLWKĮFKORUDORVHPJNJKLYϮϯϳ
&DOFLXP DFWLYLW\ GXULQJ K\SHUFDSQLD ZDV PHDVXUHG in vivo LQ HLJKW &%O- PLFH  $Ϯϯϴ
FUDQLRWRP\RYHUWKHVRPDWRVHQVRU\FRUWH[ZDVFRYHUHGZLWKDJDURVHDQGSDUWO\VHDOHGZLWKDϮϯϵ
JODVV FRYHU VOLS  2UHJRQ *UHHQ %DSWD$0 2*% ,QYLWURJHQ 0ROHFXODU 3UREHV ZDVϮϰϬ
GLVVROYHGLQ'062DQG3OXURQLF)%$6)*OREDODQGGLOXWHGLQD&6)WR\LHOGDϮϰϭ
ILQDOG\HFRQFHQWUDWLRQRIP0,WZDVPL[HGZLWK WKHDVWURF\WHPDUNHUVXOIRUKRGDPLQHϮϰϮ
656LJPD$OGULFK01LPPHUMDKQHWDODQGZDVSUHVVXUHLQMHFWHGϮϰϯ
±SVLVLQWRWKHVRPDWRVHQVRU\FRUWH[WKURXJKDPLFURSLSHWWHDWDGHSWKRI±PϮϰϰ
EHORZ WKH FRUWLFDO VXUIDFH  &D LPDJLQJ ZDV SHUIRUPHG XVLQJ D FRPPHUFLDO WZRSKRWRQϮϰϱ
PLFURVFRSH63PXOWLSKRWRQFRQIRFDO/DVHU6FDQQLQJ0LFURVFRSH/HLFD*HUPDQ\DQGDϮϰϲ
0DL7DL+37LVDSSKLUHODVHU0LOOHQQLD3UR6SHFWUD3K\VLFV6ZHGHQZLWKDî1$Ϯϰϳ
ZDWHULPPHUVLRQREMHFWLYH/HLFD*HUPDQ\7KHH[FLWDWLRQZDYHOHQJWKZDVQP7KHϮϰϴ
HPLWWHGOLJKWZDVILOWHUHGWRUHWDLQERWKUHGDQGJUHHQOLJKWXVLQJD75,7&),7&ILOWHUϮϰϵ
ϭϮ

7KH K\SHUFDSQLD FKDOOHQJHZDV SUHVHQWHG DV IROORZV )ROORZLQJ PLQ EDVHOLQH UHFRUGLQJϮϱϬ
&2LQDLUZDVDSSOLHGIRUVDQGLPDJLQJFRQWLQXHGIRUVXEVHTXHQWPLQXWHVWULDOVϮϱϭ
ZHUHSHUIRUPHGZLWKPLQXWHVEHWZHHQWULDOV)RUHDFKDQLPDODVHFRQGILHOGRIYLHZZDVϮϱϮ
VHOHFWHG DQG WKH K\SHUFDSQLD FKDOOHQJH UHSHDWHG %ORRG JDVHV ZHUH WDNHQ DIWHU HDFKϮϱϯ
H[SHULPHQW DQG DOO PLFH KDG S&2 LQ WKH UDQJH PP+J DQG S2 LQ WKH UDQJH Ϯϱϰ
PP+JϮϱϱ
Data collection, analysis and statistics Ϯϱϲ
In vitro data: $Q LPDJH î SL[HOV ZDV FROOHFWHG LQ V XVLQJ OLQHϮϱϳ
DYHUDJLQJ0HDVXUHPHQWVRIOXPHQGLDPHWHUDQG&DFKDQJHVZHUHSHUIRUPHGRIIOLQHZLWKϮϱϴ
=HLVV/60YHUVLRQVRIWZDUHDQG,PDJH-1,+$VSUHYLRXVO\GHVFULEHG*RUGRQHWDOϮϱϵ
IOXRUHVFHQFHVLJQDOVZHUHGHILQHGDVFF >FBFB@ZKHUHFDQGFϮϲϬ
DUH IOXRUHVFHQFH DW D JLYHQ WLPH DQG WKH PHDQ IOXRUHVFHQFH GXULQJ WKH FRQWURO SHULRGϮϲϭ
UHVSHFWLYHO\ BDQGBDUH WKHFRUUHVSRQGLQJEDFNJURXQGIOXRUHVFHQFHVLJQDOV WDNHQIURPϮϲϮ
WKH QHXURSLO  3VHXGRFRORXU LPDJHV VKRZ DEVROXWH FKDQJHV LQ IOXRUHVFHQFH ,PDJH- Ϯϲϯ
FRORXU OLQHDU /XW  ([SHULPHQWDO YDOXHV DUHPHDQVHPn LV WKH QXPEHU RI H[SHULPHQWVϮϲϰ
FRQGXFWHG RU IRU FDOFLXP FKDQJHV QXPEHU RI DVWURF\WHV DQDO\VHG  (LWKHU D WZRWDLOHGϮϲϱ
6WXGHQW¶V tWHVWRUDRQHZD\$129$ZLWKD1HZPDQ±.HXOVSRVWKRF WHVW IRUFRPSDULVRQϮϲϲ
EHWZHHQ PXOWLSOH JURXSV ZDV XVHG DQG p ZDV FRQVLGHUHG VWDWLVWLFDOO\ VLJQLILFDQW $VϮϲϳ
WKHVHZHUHQRYHOH[SHULPHQWV WKHHIIHFW VL]HZDVXQNQRZQSULRU WRH[SHULPHQW7KHUHIRUHϮϲϴ
VDPSOHVL]HHVWLPDWHVZHUHEDVHGRQRXUSUHYLRXVH[SHULHQFH([SHULPHQWVZHUHDOWHUQDWHO\Ϯϲϵ
SHUIRUPHG XQGHU FRQWURO RU WUHDWPHQW FRQGLWLRQV ZLWK VOLFHV FKRVHQ DW UDQGRP IRU HDFKϮϳϬ
H[SHULPHQW 'DWD ZHUH H[FOXGHG IURP DQDO\VLV LI DQ\ RI WKH IROORZLQJ RFFXUUHG GXULQJϮϳϭ
LPDJLQJXQVWDEOHEDVHOLQHYHVVHOGLDPHWHUVRUDVWURF\WHFDOFLXPOHYHOVRUPRYHPHQWOHDGLQJϮϳϮ
ϭϯ

WR VLJQLILFDQW IRFXV FKDQJHVGXULQJ WKH H[SHULPHQW ,QRUGHU WRSHUIRUP VWDWLVWLFDO DQDO\VLVϮϳϯ
GDWDZHUHDVVXPHGWREHQRUPDOO\GLVWULEXWHGϮϳϰ
In vivo data:$OOODVHU'RSSOHUDQGORFDOILHOGSRWHQWLDO/)3GDWDZHUHFROOHFWHGLQ6SLNHϮϳϱ
VRIWZDUHZKLOHODVHUVSHFNOHGDWDZDVFROOHFWHGXVLQJ0RRU)/3,VRIWZDUH4XDQWLILFDWLRQRIϮϳϲ
&%)FKDQJHVDQGHOHFWURSK\VLRORJ\ZHUHSHUIRUPHGLQ0$7/$%YHUVLRQ7RREWDLQϮϳϳ
WKH UHJLRQRI LQWHUHVW 52, IRU FDOFXODWLRQRI&%)FKDQJHVXVLQJ ODVHU VSHFNOH LPDJLQJ DϮϳϴ
SULQFLSDOFRPSRQHQWVDQDO\VLVZDVXVHGWRLGHQWLI\WKHIRFDOSRLQWRIWKHFKDQJHLQUHVSRQVHϮϳϵ
WR VWLPXODWLRQ  7KH VDPH UHJLRQ RI LQWHUHVW ZDV XVHG ZLWKLQ HDFK DQLPDO¶V GDWDϮϴϬ
([SHULPHQWDOYDOXHVDUHWKHPHDQVHPDQGnLVWKHQXPEHURIDQLPDOV,QRUGHUWRSHUIRUPϮϴϭ
VWDWLVWLFDO DQDO\VLV GDWD ZHUH DVVXPHG WR EH QRUPDOO\ GLVWULEXWHG  $Q )WHVW ZDV XVHG WRϮϴϮ
FRPSDUHYDULDQFHVRIJURXSVEHLQJVWDWLVWLFDOO\FRPSDUHG)RU&%)GDWDDRQHWDLOHGWWHVWϮϴϯ
ZLWK :HOFK¶V FRUUHFWLRQ DV JURXSV KDG VLJQLILFDQWO\ GLIIHUHQW YDULDQFHV ZDV XVHG WRϮϴϰ
FRPSDUHPHDQVEHWZHHQJURXSV$WZRWDLOHGWWHVWZDVXVHGWRFRPSDUHPHDQVRIJURXSVIRUϮϴϱ
ERWK *6+ DQDO\VLV )LJXUH & DQG HOHFWURSK\VLRORJ\ GDWD LQ UHVSRQVH WR ZKLVNHU SDGϮϴϲ
VWLPXODWLRQ:HOFKFRUUHFWHGIRU6&H[SHULPHQW)LJXUH&)RUHOHFWURSK\VLRORJ\GDWDϮϴϳ
FROOHFWHG GXULQJ K\SHUFDSQLD FKDOOHQJH H[SHULPHQWV D WZRZD\ $129$ZLWK %RQIHUURQLϮϴϴ
FRUUHFWLRQIRUPXOWLSOHFRPSDULVRQVZDVXVHGWRFRPSDUHPHDQVEHWZHHQJURXSV pϮϴϵ
ZDV FRQVLGHUHG VWDWLVWLFDOO\ VLJQLILFDQW )RU H[SHULPHQWV LQYROYLQJ UDWV GXH WR HIIHFW VL]HVϮϵϬ
EHLQJ XQNQRZQ SULRU WR H[SHULPHQW VDPSOH VL]H HVWLPDWHV ZHUH EDVHG RQ SUHYLRXVO\Ϯϵϭ
SXEOLVKHG VDPSOH VL]HV IRU H[DPSOH 1LZD HW DO  $VVLJQPHQW RI DQLPDOV ZDVϮϵϮ
DOWHUQDWHGEHWZHHQ WUHDWPHQW DQGFRQWUROJURXSVDQGQHLWKHUH[SHULPHQWVQRUDQDO\VLVZHUHϮϵϯ
EOLQGHG7KUHHDQLPDOVZHUHH[FOXGHG IURPDOOGDWD DQDO\VLV IRU6&DQG IRU%62Ϯϵϰ
GXHWRWHFKQLFDOSUREOHPVZLWKH[SHULPHQWDOHTXLSPHQWϮϵϱ
ϭϰ

)RU in vivo FDOFLXP LPDJLQJ IUDPH VL]HZDV î  SL[HOV PVIUDPH GXULQJϮϵϲ
UHFRUGLQJV7KH&DFKDQJHVZHUHHYDOXDWHGDVWKHDYHUDJHFKDQJHLQIOXRUHVFHQFHUHODWLYHϮϵϳ
WREDVHOLQH OHYHOV LQ52,V 7KH52,VZHUHSODFHGEDVHGRQPRUSKRORJ\RYHU QHXURQDO RUϮϵϴ
DVWURF\WLFVRPDRUQHXURSLO 'XHWRPRYHPHQWRIDVWURF\WHVGXULQJK\SHUFDSQLDZLWKLQRUϮϵϵ
RXWRIIRFXV52,VZHUHHYDOXDWHGEDVHGRQWKHOHYHORI65ORDGLQJLQWKHUHGFKDQQHO,IϯϬϬ
D VLJQLILFDQW FKDQJH RFFXUUHG WKH 52,ZDV GLVUHJDUGHG LQ DOO IROORZLQJ DVVHVVPHQWV  $QϯϬϭ
LQFUHDVH LQ IOXRUHVFHQFH ZLWKLQ DQ 52, ZDV FODVVLILHG DV D FDOFLXP UHVSRQVH LI WKH PHDQϯϬϮ
IOXRUHVFHQFHYDOXHZLWKLQWKHSHULRGRIK\SHUFDSQLDZDVDERYHWZRVWDQGDUGGHYLDWLRQVRIϯϬϯ
EDVHOLQHDFWLYLW\7KHGHOD\RI WKH&D UHVSRQVHZDV IRXQGE\VXEWUDFWLQJ WKHVLJQDORQVHWϯϬϰ
WLPHIURPWKHWLPHK\SHUFDSQLDZDVLQWURGXFHGWRWKHDQLPDO7RHVWLPDWHUHVSRQVHVWDUWDQGϯϬϱ
WHUPLQDWLRQ WLPHD ILWZDVPDGH WR WKHGDWDDQG WKHILUVWDQGVHFRQGRUGHUGHULYDWLYHVZHUHϯϬϲ
FDOFXODWHG7KHUHVSRQVHRQVHW WLPHZDV IRXQGE\ WDNLQJ WKHPD[LPXPSHDNRI WKHVHFRQGϯϬϳ
RUGHU GHULYDWLYH RI WKH ILWWHG GDWD 7KH GXUDWLRQ RI WKH &D UHVSRQVH ZDV WKHQ IRXQG E\ϯϬϴ
VXEWUDFWLQJ WKH UHVSRQVH RQVHW WLPH IURP WKH UHVSRQVH WHUPLQDWLRQ WLPH 7KH UHVSRQVHϯϬϵ
WHUPLQDWLRQWLPHZDVGHILQHGDVWKHWLPHSRLQWZKHQWKHILWWHGGDWDZHQWEHORZPHDQEDVHOLQHϯϭϬ
&D OHYHOV RU WKH UHFRUGLQJ HQGHG ([SHULPHQWDOYDOXHV DUH H[SUHVVHG DVPHDQVHP $ϯϭϭ
SDLUHG WWHVWZDVXVHGIRU WKHFDOFLXP LPDJLQJGDWDHDFKDQLPDOVHUYHGDV LWVRZQFRQWUROϯϭϮ
pௗௗZDV DFFHSWHG DV VWDWLVWLFDOO\ VLJQLILFDQW )RU H[SHULPHQWV LQYROYLQJPLFH DV WKHUHϯϭϯ
KDYHEHHQQRSUHYLRXVVWXGLHVUHSRUWLQJDVWURJOLDOFDOFLXPFKDQJHVGXULQJK\SHUFDSQLDLWZDVϯϭϰ
LPSRVVLEOHWRHVWLPDWHDQH[SHFWHGYDOXHIRUFKDQJHLQIOXRUHVFHQFHRULWVVWDQGDUGGHYLDWLRQϯϭϱ
+HQFH QR VDPSOH VL]H FDOFXODWLRQ FRXOG EH SHUIRUPHG +RZHYHU ZH H[SHFWHG VLPLODUϯϭϲ
FDOFLXP FKDQJHV WR WKRVHZKLFKZH REVHUYH IRU ORZ IUHTXHQF\ZKLVNHU VWLPXODWLRQ DQG VRϯϭϳ
VDPSOHVL]HVZHUHEDVHGRQRXUSUHYLRXVH[SHULPHQWVPLFH&DOFLXPVLJQDOVREWDLQHGϯϭϴ
GXULQJ K\SHUFDSQLD H[FHHGHG DQ 615 RI  DQG K\SHUFDSQLDLQGXFHG FDOFLXP UHVSRQVHVϯϭϵ
ZHUHUHFRUGHGLQHYHU\DQLPDOWHVWHG$VDOOPLFHZHUHVXEMHFWHGWRK\SHUFDSQLDWKHUHZDVϯϮϬ
ϭϱ

QR UDQGRPL]DWLRQ PHWKRG XVHG &RQWURO PHDVXUHPHQWV RI FDOFLXP DFWLYLW\ LH DFWLYLW\ϯϮϭ
ZLWKRXWDSSOLFDWLRQRIK\SHUFDSQLDZHUHWDNHQDWUDQGRPWLPHSRLQWVGXULQJWKHH[SHULPHQWϯϮϮ
$QDO\VLVRIFDOFLXPFKDQJHVZDVQRWEOLQGHGDVVHVVPHQWRI WKHVHFKDQJHVZDVEDVHGRQDϯϮϯ
0DW/DESURJUDPZKLFKDQDO\]HVWKHLPDJHVHTXHQFHVLQDQXQELDVHGPDQQHUUDWKHUWKDQE\ϯϮϰ
YLVXDOLQVSHFWLRQϯϮϱ
ϯϮϲ
5HVXOWVϯϮϳ
,QFUHDVHG&2HYRNHV>&D@LUHVSRQVHVLQDVWURF\WHVin vivo ϯϮϴ
(OHYDWLRQRI WLVVXH&2FRQFHQWUDWLRQZKLFKFDQEHFDXVHGE\QHXURQDOPHWDEROLVP LVϯϮϵ
NQRZQWRGLODWHFHUHEUDOEORRGYHVVHOVLQDSURFHVVGHSHQGHQWRQ3J(:DJHUOHDQG0LVKUDϯϯϬ
 :DJHUOH DQG 'HJLXOLR  IRUPDWLRQ YLD &2; DFWLYLW\ 1LZD HW DO ϯϯϭ
+RZHYHU WKH FHOOV WKDW ERWK DUH UHVSRQVLEOH IRU VHQVLQJ &2 DQG WKDW DOVR H[SUHVV WKHϯϯϮ
HQ]\PHVIRUV\QWKHVL]LQJ3J(&2;DQG3URVWDJODQGLQ(V\QWKDVH3J(6KDYHQRWEHHQϯϯϯ
UHVROYHG  $VWURF\WHV FDQ SURGXFH 3J( EXW LW LV XQNQRZQ LI DVWURF\WHV JHQHUDWH >&D@Lϯϯϰ
VLJQDOV LQ UHVSRQVH WR &2  7KHUHIRUH ZH WHVWHG ZKHWKHU DQ LQFUHDVH LQ LQVSLUHG &2ϯϯϱ
K\SHUFDSQLDin vivoHYRNHVDVWURF\WH>&D@LZKHQLWDOVRWULJJHUV&%)LQFUHDVHVϯϯϲ
7ZR SKRWRQ ODVHU VFDQQLQJ PLFURVFRS\ 3/60 in vivo ZDV XVHG WR H[DPLQH WKHϯϯϳ
VLPXOWDQHRXVUHVSRQVHVRIERWKQHXURQVDQGDVWURF\WHVWR K\SHUFDSQLDLQWKHLQWDFWEUDLQDVDϯϯϴ
ILUVW VWHS WR LQYHVWLJDWH ZKLFK FHOO W\SH PLJKW EH WKH SULPDU\ VHQVRU RI &2 )LJXUH ϯϯϵ
5HPDUNDEO\ZHIRXQGFRQVLVWHQWDQGVLJQLILFDQWLQFUHDVHVLQ>&D@LLQWKHVRPDDQGHQGIHHWϯϰϬ
RI DVWURF\WHV LQ FRUWLFDO OD\HUV ,,,,,RIPRXVH )LJXUHGXULQJ WKHSHULRGRIK\SHUFDSQLDϯϰϭ
7KH GUDPDWLF LQFUHDVHV WKDW ZH REVHUYHG LQ DVWURF\WHV ZHUH RI VLJQLILFDQWO\ KLJKHUϯϰϮ
DPSOLWXGH )LJXUH $& S WKDQ LQFUHDVHV LQ >&D@L REVHUYHG LQ QHXURQDO VRPDϯϰϯ
ϭϲ

GXULQJWKHSHULRGRIK\SHUFDSQLD7KHQXPEHURIDVWURF\WHVZLWK>&D@LUHVSRQVHVZDVDOVRϯϰϰ
PXFK JUHDWHU LQ K\SHUFDSQLD FRPSDUHG WR WKH QXPEHU VKRZLQJ VSRQWDQHRXV FDOFLXPϯϰϱ
DFWLYLW\ FRQWURO WLPH SHULRG )LJXUH ' S $OWKRXJK QHXURQV FRXOG GLVSOD\ϯϰϲ
LQFUHDVHG>&D@LGXULQJK\SHUFDSQLDZLWKRQVHWWLPHVZLWKLQVHFRQGV)LJXUH%&(ϯϰϳ
WKHUH ZDV QR VLJQLILFDQW GLIIHUHQFH LQ WKH QXPEHU RI QHXURQV ZLWK >&D@L UHVSRQVHVϯϰϴ
GXULQJ K\SHUFDSQLD FRPSDUHG WR WKH QXPEHU VKRZLQJ VSRQWDQHRXV FDOFLXP DFWLYLW\ϯϰϵ
FRQWUROWLPHSHULRG)LJXUH'0HDVXUHPHQWVWDNHQLQWKHQHXURSLOZKHUHWKHUHZHUHQRϯϱϬ
GHILQHG FHOO ERGLHV DQG LW LV GLIILFXOW WR VHSDUDWH VLJQDOV LQ ILQH DVWURF\WH SURFHVVHV IURPϯϱϭ
QHXURQDO SURFHVVHV GLG QRW VKRZ FRUUHODWHG FKDQJHV LQ >&D@L VLJQDOV GXULQJ K\SHUFDSQLDϯϱϮ
)LJXUH '  7KH DVWURF\WH >&D@L UHVSRQVHV )LJXUH %() DSSHDU WR RFFXU ZLWKLQ Dϯϱϯ
VLPLODU WLPHVFDOH DV WKH LQFUHDVHG &%) HYRNHG E\ K\SHUFDSQLD DV PHDVXUHG E\ ODVHUϯϱϰ
VSHFNOH FRQWUDVW LPDJLQJ DQG ODVHU 'RSSOHU IORZPHWU\ /') LQ UDW )LJXUH $ DQG 'ϯϱϱ
UHVSHFWLYHO\ 'XULQJ K\SHUFDSQLD DQ LQFUHDVHG QXPEHU RI DVWURF\WH VRPD )LJXUH 'ϯϱϲ
GLVSOD\HGLQFUHDVHG>&D@LZLWKRQVHWVZLWKLQVHFRQGV)LJXUH%(DQGYDULDEOHGXUDWLRQVϯϱϳ
RIWHQVRIVHFRQGV)LJXUH%):KLOHWKHUHZHUHQRGLIIHUHQFHVEHWZHHQWKHWKUHHJURXSVϯϱϴ
DVWURF\WHVRPDQHXURQDOVRPDDQGQHXURSLOZLWKUHJDUGVWRWKHGHOD\RIWKHK\SHUFDSQLDϯϱϵ
LQGXFHG&D UHVSRQVHV $YHUDJH&D UHVSRQVHGHOD\ )LJXUH(QHXURQVRPD ϯϲϬ
VQ QHXURSLO VQ DQGDVWURF\WHVRPD VQ ϯϲϭ
WKH DYHUDJH &D UHVSRQVH GXUDWLRQ )LJXUH )ZDV IRXQG WR EH VLJQLILFDQWO\ ORQJHU LQϯϲϮ
DVWURF\WHV WKDQ LQ QHXURQV QHXURQ VRPD     V Q  DVWURF\WH VRPD  ϯϲϯ
VQ S$129$ϯϲϰ
$VWURF\WLF>&D@LVLJQDOVHYRNHVXEVHTXHQW*6+GHSHQGHQW3J(UHOHDVHϯϲϱ
+DYLQJGHPRQVWUDWHGin vivo WKDWK\SHUFDSQLDHYRNHVDQLQFUHDVHLQDVWURF\WH>&D@LZHϯϲϲ
WKHQ XVHG D FRPELQDWLRQ RI 3/60 DQG 3J( PHDVXUHPHQWV XVLQJ (/,6$ LQ DFXWH EUDLQϯϲϳ
ϭϳ

VOLFHV WR GHWHUPLQH WKH PHFKDQLVWLF OLQNV EHWZHHQ DVWURF\WH >&D@L UHVSRQVHV DQG &%)ϯϲϴ
UHJXODWLRQ8VLQJDELRFKHPLFDOPRGHOZHLQYHVWLJDWHGWKHUROHRI*6+LQWKHJHQHUDWLRQϯϲϵ
RI3J(ϯϳϬ
 8QOLNHLQWKHin vivoVLWXDWLRQLWLVGLIILFXOWWRUHOLDEO\HYRNHDVWURF\WH>&D@LVLJQDOVϯϳϭ
DQG YDVRGLODWLRQV E\ DSSO\LQJ&2 WR DFXWH EUDLQ VOLFHV7KXVZHQHHGHG DQ DOWHUQDWLYHϯϳϮ
PHWKRG RI HOHYDWLQJ DVWURF\WH >&D@L LQ DFXWH EUDLQ VOLFHV $OWKRXJK WKH DGXOWPRXVHϯϳϯ
6XQHWDODQGUDW'XII\DQG0DF9LFDUKDYHEHHQVKRZQWRQRWH[SUHVVϯϳϰ
IXQFWLRQDOP*OX5 EDWK DSSOLFDWLRQ RI WKHP*OX5 DJRQLVW WUDQV$&3' W$&3' LVϯϳϱ
NQRZQWRLQFUHDVHDVWURF\WH>&D@LLQ\RXQJHUDQLPDOV0XOOLJDQDQG0DF9LFDUϯϳϲ
7KHUHIRUH W$&3'ZDVXVHG WR HYRNH UHOLDEOH UHSURGXFLEOH DVWURF\WH >&D@LHOHYDWLRQV LQϯϳϳ
DFXWH EUDLQ VOLFHV IURP MXYHQLOH UDWV ,Q RUGHU WR HYRNHZLGHVSUHDG LQFUHDVHV LQ DVWURF\WHϯϳϴ
>&D@LKLSSRFDPSDOQHRFRUWLFDOVOLFHVZHUHSHUIXVHGZLWKWUDQV$&3'W$&3'DQP*OX5ϯϳϵ
DJRQLVW  $SSOLFDWLRQ RI W$&3' 0 WR EUDLQ VOLFHV IURP MXYHQLOH UDWV FDXVHG DϯϴϬ
JHQHUDOL]HG LQFUHDVH LQ DVWURF\WH >&D@L REVHUYHG XVLQJ 3/60 )LJXUH $& WKDWϯϴϭ
SURYLGHG XV ZLWK WKH DELOLW\ WR PHDVXUH VXEVHTXHQW V\QWKHVLV RI 3J(  $SSO\LQJ W$&3'ϯϴϮ
UHVXOWHGLQWKHIRUPDWLRQDQGHIIOX[RI3J(DVPHDVXUHGE\(/,6$)LJXUH'7KHILUVWϯϴϯ
VWHSLQWKHFRQYHUVLRQRI$$WR3J(LQDVWURF\WHVLVYLD&2;)LJXUHDQG7DNDQRHWDOϯϴϰ
*RUGRQHWDO)RQW1LHYHVHWDO 1HXURQV LQFRQWUDVWH[SUHVV&2;ϯϴϱ
EXWQRW&2;1RJDZDHWDO,QVXSSRUWRIDFHQWUDOUROHIRU&2;ZHIRXQGWKDWϯϴϲ
DOWKRXJK WKH W$&3'HYRNHG LQFUHDVH LQ DVWURF\WH >&D@L ZDV XQDOWHUHG )LJXUH & LQ WKHϯϴϳ
SUHVHQFHRIWKH&2;LQKLELWRU6&6PLWKHWDOQ0%ODQFRHWDOWKHϯϴϴ
UHVXOWLQJ IRUPDWLRQ DQG HIIOX[ RI 3J( DV PHDVXUHG E\ (/,6$ ZDV DEROLVKHG Sϯϴϵ
)LJXUH' 7KXV DVWURF\WH&2;DFWLYLW\ LV UHTXLUHG IRU WKH VXEVHTXHQW3J( UHOHDVH LQϯϵϬ
DFXWHEUDLQVOLFHVZKLFKLVWULJJHUHGE\DVWURF\WH>&D@LVLJQDOVϯϵϭ
ϭϴ

'RZQVWUHDPRI&2;WKHV\QWKHVLVRI3J(LQYROYHVWKHHQ]\PHP3J(67DFKLNDZDϯϵϮ
HW DO  D IRUP RI SURVWDJODQGLQ ( V\QWKDVH H[SUHVVHG LQ DVWURF\WHV )LJXUH $ DQGϯϵϯ
7DFKLNDZDHWDOWKDWUHTXLUHVWKHFRIDFWRU*6+-DNREVVRQHWDO0XUDNDPLHWϯϵϰ
DO   ,W LV NQRZQ WKDW*6+ LV SUHVHQW LQ KLJK OHYHOV LQ DVWURF\WHV 6XQ HW DO ϯϵϱ
%UDJLQ HW DO  5RELOODUG HW DO  DV GHWHFWHG E\ VWDLQLQJ RI EUDLQ WLVVXH ZLWKϯϵϲ
PRQRFKORURELPDQH 0&% D *6+VHQVLWLYH G\H )LJXUH %  7KHUHIRUH ZH LQYHVWLJDWHGϯϵϳ
ZKHWKHU 3J( IRUPDWLRQ ZDV UHGXFHG ZKHQ *6+ OHYHOV ZHUH GHSUHVVHG  :H H[DPLQHGϯϵϴ
ZKHWKHU WKHUH LVD UHGXFWLRQ LQDVWURF\WH >&D@LHYRNHG3J( UHOHDVH LQKLSSRFDPSDOVOLFHVϯϵϵ
DIWHU WUHDWPHQW ZLWK EXWKLRQLQH VXOIR[LPLQH %62 DQ LQKLELWRU RI ȖJOXWDP\OF\VWHLQHϰϬϬ
V\QWKHWDVHIRUKRXUV6XQHWDOZKLFKUHGXFHGWKHWLVVXH*6+FRQFHQWUDWLRQE\ϰϬϭ
 S    )LJXUH (  :KHQ *6+ OHYHOV ZHUH GHFUHDVHG DOWKRXJK WKHUH ZDV QRϰϬϮ
FKDQJH LQ EDVDO 3J( HIIOX[ )LJXUH ' RU LQ WKH DPSOLWXGH RI W$&3'HYRNHG DVWURF\WHϰϬϯ
>&D@LVLJQDOV)LJXUH$&VWULNLQJO\WKHW$&3'HYRNHG3J(HIIOX[ZDVUHGXFHGE\ϰϬϰ
S)LJXUH'ϰϬϱ
$VWURF\WH>&D@LVLJQDOVHYRNH&2;DQG*6+GHSHQGHQWYDVRGLODWLRQVLQEUDLQVOLFHVϰϬϲ
$V &2; DFWLYLW\ 1LZD HW DO  DQG 3J( UHOHDVH :DJHUOH DQG0LVKUD ϰϬϳ
:DJHUOH DQG 'HJLXOLR  KDYH EHHQ VKRZQ WR OHDG WR LQFUHDVHG &%) LQ UHVSRQVH WRϰϬϴ
K\SHUFDSQLD ZH H[DPLQHG ZKHWKHU &2;GHSHQGHQW 3J( UHOHDVH HYRNHG E\ DVWURF\WHϰϬϵ
>&D@L VLJQDOV WULJJHUHG E\ HLWKHU W$&3' DSSOLFDWLRQ RU ,3 XQFDJLQJ UHVXOWHG LQϰϭϬ
YDVRGLODWLRQVϰϭϭ
%DWKSHUIXVLRQRIW$&3'LQGXFHGDUWHULRODUGLODWLRQLQDFXWHEUDLQVOLFHV)LJXUH$)*ϰϭϮ
ZKLFKZDVDEROLVKHG LQ WKHSUHVHQFHRI6&S)LJXUH*ZKLOH WKHDPSOLWXGHRIϰϭϯ
HYRNHGDVWURF\WH>&D@LVLJQDOVZDVXQFKDQJHGS!)LJXUH&7KXVFRPELQHGZLWKϰϭϰ
WKHUHVXOWVGLVFXVVHGDERYHWKHVHGDWDFRQILUPWKDWDVWURF\WH&2;DFWLYLW\DQGVXEVHTXHQWϰϭϱ
ϭϵ

3J(UHOHDVHDUHUHTXLUHGIRUYDVRGLODWLRQVLQDFXWHEUDLQVOLFHVWKDWDUHWULJJHUHGE\DVWURF\WHϰϭϲ
>&D@LVLJQDOVϰϭϳ
$V SUHYLRXVO\ GLVFXVVHG GRZQVWUHDP RI &2; WKH V\QWKHVLV RI 3J( LQYROYHV WKHϰϭϴ
DVWURF\WHH[SUHVVHG*6+GHSHQGHQWHQ]\PHP3J(67DFKLNDZDHWDO7KHUHIRUHϰϭϵ
D UROH IRU DVWURF\WHV LQ WKH UHJXODWLRQ RI DUWHULROH GLDPHWHU ZRXOG EH VXSSRUWHG LI >&D@LϰϮϬ
HYRNHG YDVRGLODWLRQV ZHUH DWWHQXDWHG ZKHQ *6+ OHYHOV ZHUH GHSUHVVHG  :H H[DPLQHGϰϮϭ
ZKHWKHUWKHUHLVDUHGXFWLRQLQVXEVHTXHQWYDVRGLODWLRQVLQKLSSRFDPSDOVOLFHVDIWHUWUHDWPHQWϰϮϮ
ZLWK%62:KHQ*6+OHYHOVZHUHGHFUHDVHGW$&3'HYRNHGDVWURF\WH>&D@LVLJQDOVZHUHϰϮϯ
XQDOWHUHG)LJXUH$&+RZHYHUWKHYDVRGLODWLRQVWULJJHUHGE\WKHVH>&D@LVLJQDOVZHUHϰϮϰ
DEROLVKHG )LJXUH $)* S  9DVRFRQVWULFWLRQV HYRNHG E\ QRUHSLQHSKULQH 1(ϰϮϱ
0RU WKHĮDJRQLVWFORQLGLQH 0ZKLFKDFWGLUHFWO\RQDUWHULROHVPRRWKPXVFOHϰϮϲ
FHOOV %XVLMDDQG/HIIOHUZHUHXQFKDQJHG LQ WKHSUHVHQFHRI%62)LJXUH$*+ϰϮϳ
LQGLFDWLQJ WKDW DUWHULROHV ZHUH QRW GDPDJHG E\ WKH %62 WUHDWPHQW  )XUWKHUPRUH %62ϰϮϴ
WUHDWPHQWGLGQRWDOWHUWKHYDVRGLODWLRQHYRNHGE\HLWKHU03J()LJXUH+RUKLJK>.@ϰϮϵ
P0ZKLFKFDXVHVYDVRGLODWLRQE\K\SHUSRODUL]LQJDUWHULROHVPRRWKPXVFOHFHOOV)LORVDϰϯϬ
HWDO.Q VOLFHVIURPUDWV%62.Q VOLFHVIURPϰϯϭ
UDWVS ϰϯϮ
$VWURF\WH>&D@LLQFUHDVHVFDQEHWULJJHUHGE\WZRSKRWRQXQFDJLQJRI,3ZLWKLQWKHFHOOϰϯϯ
ERG\ RI DQ DVWURF\WH 8VLQJ WKLV WHFKQLTXHZHGLUHFWO\ H[DPLQHG WKH HIIHFW RI GHFUHDVLQJϰϯϰ
*6+OHYHOVRQDVWURF\WH>&D@LHYRNHGDUWHULROHGLODWLRQV$VWURF\WHVLQKLSSRFDPSDOVOLFHVϰϯϱ
IURPMXYHQLOHUDWVZHUHEXONORDGHGZLWKWKHFDJHG,3FRPSRXQG19,3$07ZRSKRWRQϰϯϲ
SKRWRO\VLVZDVXVHGWRXQFDJH,3ZLWKLQDQDVWURF\WHVRPDVSHFLILFDOO\JHQHUDWLQJD>&D@Lϰϯϳ
LQFUHDVHZLWKLQWKHVRPDSURFHVVHVDQGHQGIHHW7KLVORFDOLQFUHDVHLQ>&D@LFRXOGHYRNHDQϰϯϴ
LQFUHDVH LQ >&D@L LQ QHDUE\ DVWURF\WHV )LJXUH $% UHSUHVHQWV ORFDO DQG SURSDJDWHGϰϯϵ
ϮϬ

UHVSRQVHV DQG HOLFLWHG YDVRGLODWLRQ RI WKH QHLJKERULQJ DUWHULROH )LJXUH &  $OWKRXJKϰϰϬ
DVWURF\WH >&D@L VLJQDOV ZHUH XQDOWHUHG IROORZLQJ %62 WUHDWPHQW WR UHGXFH *6+ OHYHOVϰϰϭ
S )LJXUH $% GLODWLRQVZHUH QRW REVHUYHG DQGYDVRFRQVWULFWLRQVZHUH QRZHYRNHGϰϰϮ
S )LJXUH& 7KXVZKHQ*6+OHYHOVDUHUHGXFHGDVWURF\WH>&D@LVLJQDOVFDQQRϰϰϯ
ORQJHUHYRNHYDVRGLODWLRQVQRUPDOO\WULJJHUHGE\WKHUHOHDVHRI3J(ϰϰϰ
In vivoK\SHUFDSQLDHYRNHG&%)UHVSRQVHVDUH*6+GHSHQGHQWϰϰϱ
+DYLQJGHWHUPLQHGLQDFXWHEUDLQVOLFHVWKHYDVRGLODWRU\PROHFXOHVXQGHUO\LQJDVWURF\WHϰϰϲ
>&D@LHYRNHGYDVRGLODWLRQVZHH[DPLQHGZKHWKHUWKHVHVDPHHQ]\PHVDQGPROHFXOHVZHUHϰϰϳ
LQYROYHG LQ WKH &%) UHVSRQVH ZKLFK RFFXUV GRZQVWUHDP RI &2HYRNHG DVWURF\WH >&D@Lϰϰϴ
UHVSRQVHVin vivo.+\SHUFDSQLDin vivoHYRNHGD&%)LQFUHDVHLQWKHEDUUHOFRUWH[RIDGXOWUDWϰϰϵ
)LJXUH $%'( ZKLOH QHXUDO DFWLYLW\ ZDV XQFKDQJHG )LJXUH )  7KH FDOFXODWHG DUHDϰϱϬ
XQGHUWKHFXUYH$8&RIWKH&%)UHVSRQVHZDVVLJQLILFDQWO\DWWHQXDWHGE\6&S ϰϱϭ
)LJXUH $% FRQILUPLQJ WKDW &2; SOD\V D FULWLFDO UROH LQ K\SHUFDSQLDHYRNHG &%)ϰϱϮ
LQFUHDVHVin vivo1LZDHWDOϰϱϯ
:HH[DPLQHGWKHLPSDFWRIGHFUHDVHGWLVVXH*6+OHYHOVRQ&2HYRNHG&%)LQFUHDVHVϰϱϰ
in vivo  7R ORZHU*6+ OHYHOV in vivo %62ZDV LQMHFWHG LQWR UDW EDUUHO FRUWH[ $IWHU ϰϱϱ
KRXUVWLVVXH*6+OHYHOVLQWKHLSVLODWHUDOFRUWH[ZHUHUHGXFHGE\)LJXUH&S ϰϱϲ
7UHDWPHQW ZLWK %62 UHGXFHG WKH K\SHUFDSQLDHYRNHG &%) UHVSRQVH )LJXUH '( $8&ϰϱϳ
UHGXFHGE\S 1HXUDODFWLYLW\ZDVQRGLIIHUHQWLQ%62WUHDWHGUDWVFRPSDUHGϰϱϴ
WR VDOLQHWUHDWHG UDWV )LJXUH *  &RPELQLQJ DOO WKH GDWD GHVFULEHG VR IDU VXJJHVWV WKDWϰϱϵ
K\SHUFDSQLDHYRNHGDVWURF\WH>&D@LUHODWHG&%)LQFUHDVHVUHTXLUH3J(UHOHDVHDQGWKXVϰϲϬ
DUHFRPSURPLVHGZKHQEUDLQ*6+OHYHOVDUHUHGXFHGϰϲϭ
7KLV ILQGLQJ ZDV VSHFLILF WR K\SHUFDSQLDHYRNHG &%) LQFUHDVHV  :H H[DPLQHG WKHϰϲϮ
LPSDFWRIGHFUHDVHGWLVVXH*6+OHYHOVin vivoRQIXQFWLRQDOK\SHUHPLDLQWKHVRPDWRVHQVRU\ϰϲϯ
Ϯϭ

FRUWH[ :KLVNHUSDG VWLPXODWLRQ +]HYRNHG DEORRG IORZ LQFUHDVH LQ WKHEDUUHO FRUWH[ϰϲϰ
)LJXUH$,QDJUHHPHQWZLWKSUHYLRXVILQGLQJV1LZDHWDOLQKLELWLQJ&2;ZLWKϰϲϱ
6&KDGQRHIIHFWRQHLWKHUWKH&%)UHVSRQVHWRZKLVNHUSDGVWLPXODWLRQ)LJXUH$%Sϰϲϲ
 RUHYRNHGQHXUDODFWLYLW\ /)3)LJXUH&S  )XUWKHUPRUH WKH$8&RI WKHϰϲϳ
VWLPXODWLRQHYRNHG &%) UHVSRQVH ZDV QRW VLJQLILFDQWO\ GLIIHUHQW LQ %62WUHDWHG DQLPDOVϰϲϴ
)LJXUH ' S    FRPSDUHG WR VDOLQHWUHDWHG DQLPDOV GHPRQVWUDWLQJ WKDW WKH &%)ϰϲϵ
UHVSRQVH LV QRW *6+VHQVLWLYH  7KH PDJQLWXGH RI WKH QHXUDO UHVSRQVH WR ZKLVNHU SDGϰϳϬ
VWLPXODWLRQZDVXQDIIHFWHGE\%62)LJXUH(S 7KHVHUHVXOWVLQGLFDWHWKDWXQGHUϰϳϭ
WKHVHH[SHULPHQWDOFRQGLWLRQV&2;DQG*6+SOD\OLWWOHLIDQ\UROHLQWKH&%)UHVSRQVHϰϳϮ
WR VRPDWRVHQVRU\ VWLPXODWLRQ 7KHVH ILQGLQJV FRQILUP WKDW VHYHUDO GLIIHUHQW SDWKZD\V H[LVWϰϳϯ
ZKLFK DFFRXQW IRU &%) UHJXODWLRQ XQGHU GLIIHULQJ FRQGLWLRQV DQG LQ UHVSRQVH WR GLIIHUHQWϰϳϰ
VWLPXOLϰϳϱ
'LVFXVVLRQϰϳϲ
:HGHPRQVWUDWHDQRYHOPHFKDQLVPRI&%)UHJXODWLRQLQYROYLQJDVWURF\WHVZKLFKLVϰϳϳ
*6+GHSHQGHQW3UHYLRXVO\1LZDHWDOGHPRQVWUDWHGWKDWK\SHUFDSQLDHYRNHG&%)ϰϳϴ
LQFUHDVHVDUHSULQFLSDOO\&2;GHSHQGHQW  ,Q WKLV VWXG\ZHH[DPLQHG WKHPHFKDQLVPRIϰϳϵ
VXFK&%)UHJXODWLRQERWKXSDQGGRZQVWUHDPRIK\SHUFDSQLDHYRNHGLQFUHDVHV LQ&2;ϰϴϬ
DFWLYLW\)LJXUH :HGHPRQVWUDWH in vivo WKDWXSVWUHDPRIHYRNHG&2;DFWLYLW\&2ϰϴϭ
LQFUHDVHV >&D@L LQ DVWURF\WHV  7KHVH GDWD GHPRQVWUDWH D QHZ VLJQDO K\SHUFDSQLD WKDWϰϴϮ
DFWLYDWHV DVWURF\WH FDOFLXP DQG VSHFLILFDOO\ LGHQWLI\ WKH LQYROYHPHQW RI DVWURF\WHV LQ WKHϰϴϯ
UHJXODWLRQRI&%)LQUHVSRQVHWRFKDQJHVLQDUWHULDO&2ϰϴϰ
In vitroXVLQJEUDLQVOLFHV IURP MXYHQLOHDQLPDOV LQZKLFK LW LVSRVVLEOH WRH[DPLQHϰϴϱ
FDOFLXPVLJQDOVE\EXONORDGLQJDFDOFLXPLQGLFDWRUG\HZHFRQILUPWKDWLQFUHDVHGDVWURF\WHϰϴϲ
>&D@LUHVXOWVLQWKHVXEVHTXHQWUHOHDVHRI3J(DQGYDVRGLODWLRQZKLFKDUH&2;DFWLYLW\ϰϴϳ
ϮϮ

GHSHQGHQW )LJXUH2XU DVVXPSWLRQ WKDW WKHHYRNHG UHVSRQVH LQ MXYHQLOH UDW VOLFHV LV WKHϰϴϴ
VDPHDVLQDGXOWUDWZLWKUHVSHFWWR&2;GHSHQGHQFHLVVXSSRUWHGE\WKHIDFWWKDWWKHVDPHϰϴϵ
&2;GHSHQGHQFHKDVEHHQVKRZQLQDGXOWPLFH7DNDQRHWDO:HGHPRQVWUDWHWKDWϰϵϬ
WKHVHILQGLQJVKROGin vivoFRQILUPLQJSUHYLRXVILQGLQJVLQDGXOWPLFH1LZDHWDOϰϵϭ
$VWURF\WLF HQGIHHWZKLFK DUH DSSRVHG WR FHUHEUDO YDVFXODU VPRRWKPXVFOH H[SUHVV DOO WKHϰϵϮ
PDFKLQHU\QHFHVVDU\IRU3J(V\QWKHVLV&2;7DNDQRHWDO*RUGRQHWDOϰϵϯ
P3J(6 )LJXUH $ DQG 7DFKLNDZD HW DO  DQG *6+ )LJXUH % DQG 6XQ HW DOϰϵϰ
 %UDJLQ HW DO  5RELOODUG HW DO  SURYLGLQJ IXUWKHU HYLGHQFH IRU WKHϰϵϱ
LQYROYHPHQW RI DVWURF\WHV LQ WKH UHJXODWLRQ RI&%) UHVSRQVHV WR K\SHUFDSQLD P3J(6 DQϰϵϲ
HQ]\PHVHOHFWLYHO\H[SUHVVHGLQDVWURF\WHVDVFRPSDUHGWRQHXURQV7DFKLNDZDHWDOϰϵϳ
LV WKHHQ]\PHUHVSRQVLEOHIRUSURGXFLQJ3J(GRZQVWUHDPRI&2;DFWLYLW\ ,QWULJXLQJO\ϰϵϴ
WKHIRUPDWLRQRI3J(LVUHJXODWHGE\WKHDYDLODELOLW\RI*6+LQDVWURF\WHVDV3J(6UHTXLUHVϰϵϵ
*6+DVDFRIDFWRU-DNREVVRQHWDO0XUDNDPLHWDOIn vitro, ZHGHPRQVWUDWHϱϬϬ
WKDW DVWURF\WH >&D@LHYRNHG YDVRGLODWLRQV DUH DWWHQXDWHG ZKHQ *6+ OHYHOV DUH GHSOHWHGϱϬϭ
ZKLOH in vivoZHGHPRQVWUDWH WKDW&2HYRNHG&%) LQFUHDVHVRFFXUYLDD*6+GHSHQGHQWϱϬϮ
PHFKDQLVP$VDVWURF\WHVFRQWDLQKLJKOHYHOVRI*6+)LJXUH%DQG6XQHWDO%UDJLQϱϬϯ
HWDO5RELOODUGHWDOWKHGHSHQGHQFHRIWKH&2HYRNHG&%)UHVSRQVHRQ*6+ϱϬϰ
LVIXUWKHUHYLGHQFHRIDVWURF\WLF LQYROYHPHQW 7DNHQWRJHWKHURXUILQGLQJVVXJJHVWDQRYHOϱϬϱ
PHFKDQLVPRIDVWURF\WHHYRNHG&%)UHJXODWLRQZKLFK LV*6+GHSHQGHQW:HSURSRVH WKDWϱϬϲ
LQFUHDVHG &2 OHYHOV HYRNH >&D@L UHVSRQVHV LQ DVWURF\WHV VXEVHTXHQWO\ DFWLYDWLQJ DϱϬϳ
VLJQDOLQJ SDWKZD\ LQYROYLQJ &2; DQG WKH *6+GHSHQGHQW 3J(6 ZKLFK UHVXOWV LQ WKHϱϬϴ
UHOHDVHRIWKHYDVRGLODWRU3J(7KXVDQLQFUHDVHLQ&2UHVXOWVLQDQDVWURF\WHGULYHQ*6+ϱϬϵ
GHSHQGHQWYDVRGLODWLRQ)LJXUHϱϭϬ
Ϯϯ

7KLV*6+GHSHQGHQWPHFKDQLVPRI&%)UHJXODWLRQH[LVWVDORQJVLGHRWKHU&2;DQGϱϭϭ
*6+LQVHQVLWLYHPHFKDQLVPV)RUH[DPSOHZHIRXQGQRHIIHFWRIEORFNLQJ&2;DFWLYLW\ϱϭϮ
RU RI ORZHULQJ *6+ OHYHOV RQ &%) UHVSRQVHV IROORZLQJ +] ZKLVNHU SDG VWLPXODWLRQϱϭϯ
:KLOH LW LV SRVVLEOH WKDW DQ DVWURF\WH FDOFLXP UHVSRQVH DQG WKXV D *6+VHQVLWLYHϱϭϰ
PHFKDQLVPRI&%)UHJXODWLRQPD\EHHYRNHGE\DQLQWHQVHVHQVRU\VWLPXOXV6FKXO]HWϱϭϱ
DO  6HNLJXFKL HW DO  RXU UHVXOWV DUH LQ DJUHHPHQW ZLWK SUHYLRXV ZRUNϱϭϲ
VXJJHVWLQJWKDW&2;LVLQYROYHGLQ&%)UHVSRQVHVWRK\SHUFDSQLD1LZDHWDOEXWϱϭϳ
QRWVHQVRU\VWLPXODWLRQ1LZDHWDO:KLOHZHVDZQRHYLGHQFHWKDWWKLVSDWKZD\ZDVϱϭϴ
LPSRUWDQWIRUIXQFWLRQDOQHXURQDODFWLYLW\HYRNHGLQFUHDVHVLQ&%)XQGHURXUH[SHULPHQWDOϱϭϵ
FRQGLWLRQVDVWURF\WHVDSSHDUWREHDQLPSRUWDQWLQWHUPHGLDU\IRUSK\VLRORJLFDOK\SHUFDSQLDϱϮϬ
HYRNHGLQFUHDVHVLQ&%)2XUILQGLQJVVXJJHVWWKDW&%)UHJXODWLRQPD\LQYROYHDVWURF\WHVϱϮϭ
DQGWKHLU>&D@LVLJQDOVXQGHUFHUWDLQFRQGLWLRQVDQGQRWXQGHURWKHUVϱϮϮ
3UHYLRXV VWXGLHV KDYH SURYLGHG HYLGHQFH IRU VHYHUDO PHFKDQLVPV OLQNLQJ DVWURF\WHϱϮϯ
>&D@L LQFUHDVHV DQGFKDQJHV LQ&2FRQFHQWUDWLRQ )RUH[DPSOHZLWKLQ WKHUHVSLUDWRU\ϱϮϰ
FHQWUH LQFUHDVHGDVWURF\WH>&D@LDQGDVWURF\WLFUHOHDVHRI$73FDQEHWULJJHUHGE\&2ϱϮϱ
HYRNHGGHFUHDVHV LQS+*RXULQHHWDO7KLV>&D@L LQFUHDVHPD\EHWKHUHVXOWRIϱϮϲ
LQFUHDVHG1D+&2FRWUDQVSRUWDQGUHYHUVDORI1D&DWUDQVSRUW7XURYVN\HWDOϱϮϳ
 ,W LV XQNQRZQ ZKHWKHU WKLV PHFKDQLVP DOVR RFFXUV ZLWKLQ WKH FRUWH[ϱϮϴ
$OWHUQDWLYHO\LQFUHDVHG&2FDQHYRNHKHPLFKDQQHOPHGLDWHGUHOHDVHRI$73+XFNVWHSSHWϱϮϵ
DO ZKLFKPD\ DFW RQ DVWURF\WLF SXULQHUJLF UHFHSWRUV WR HOLFLW DQ LQFUHDVH LQ >&D@LϱϯϬ
3HOOLJULQRHWDO'HSHQGLQJRQWKHPHFKDQLVPOLQNLQJLQFUHDVHVLQ&2WRDVWURF\WHϱϯϭ
>&D@L UHVSRQVHV WKHUHIRUH DVWURF\WHV FRXOG DFW DV HLWKHU DS+RU&2 VHQVRU :KLOH LW LVϱϯϮ
EH\RQG WKH VFRSH RI WKLV SDSHU WR GHWHUPLQH WKH OLQN EHWZHHQ DQ LQFUHDVH LQ&2 DQG WKHϱϯϯ
LQFUHDVHLQDVWURF\WH>&D@LZHKDYHGHPRQVWUDWHGWKDWWKHGHSOHWLRQRI*6+OHYHOVOHDGVWRϱϯϰ
Ϯϰ

DUHGXFWLRQLQWKHDELOLW\RIDVWURF\WHVWRUHOHDVH3J(IROORZLQJVXFKDULVHLQ>&D@LDQGVRϱϯϱ
UHGXFHVWKHLUDELOLW\WRHYRNHYDVRGLODWLRQLQUHVSRQVHWRK\SHUFDSQLD 7KLVRFFXUVEHFDXVHϱϯϲ
DVWURF\WHVH[SUHVV*6+GHSHQGHQWP3J(6ϱϯϳ
2XUILQGLQJWKDW&%)UHVSRQVHVWRLQFUHDVHG&2DUH*6+VHQVLWLYHVXJJHVWVWKDWJOREDOϱϯϴ
&%)UHJXODWLRQZKLFKLVVHQVLWLYHWRWKHSDUWLDOSUHVVXUHRIDUWHULDO&2$LQVOLHDQG'XIILQϱϯϵ
ZLOOEHDIIHFWHGLQFRQGLWLRQVZKHUH*6+OHYHOVDUHGHSOHWHG$OWHUDWLRQVLQWKHUHGR[ϱϰϬ
VWDWXVRIEUDLQWLVVXHWKDWDUHXOWLPDWHO\OLQNHGWRFHOOXODU*6+OHYHOVKDYHEHHQREVHUYHGLQϱϰϭ
QXPHURXVQHXURORJLFDODQGSV\FKLDWULFGLVRUGHUV6OLYNDDQG&RKHQ7RKJLHWDOϱϰϮ
7RKJL HW DO  $QVDUL DQG 6FKHII  =KDQJ HW DO  .XODN HW DO ϱϰϯ
7KHUHIRUHWKHLPSDFWRIFKDQJHVLQ*6+OHYHOVRQWKHVHQVLWLYLW\RIDVWURF\WHUHJXODWLRQRIϱϰϰ
YDVRGLODWLRQFRXOGFRQWULEXWH WRVHYHUDO&16SDWKRORJLHV 7KXV LW LVFULWLFDO WRXQGHUVWDQGϱϰϱ
WKHVLJQDOLQJSDWKZD\VXQGHUO\LQJFKDQJHVLQ&%)ERWKLQKHDOWKDQGGLVHDVHϱϰϲ
,WKDVSUHYLRXVO\EHHQVKRZQWKDWLQDGGLWLRQWRDVWURF\WLFSURGXFWLRQRI3J(YLD&2;ϱϰϳ
P3J(6 DFWLYLW\ QHXURQV ZKLFK H[SUHVV &2; EXW QRW &2; 1RJDZD HW DO ϱϰϴ
/HFUX[ HW DO  DUH FDSDEOH RI SURGXFLQJ&2;GHULYHG3J( ZKLFK FRQWULEXWHV WRϱϰϵ
QHXURYDVFXODUFRXSOLQJ/HFUX[HW DO/DFURL[HW DO ,Q WKLV VWXG\ZHXVHGDϱϱϬ
SKDUPDFRORJLFDO DSSURDFK WR LQFUHDVH DVWURF\WH >&D@L DQG WR LQKLELW HLWKHU WKH de novoϱϱϭ
V\QWKHVLV RI JOXWDWKLRQH RU WKH DFWLYLW\ RI &2; VSHFLILFDOO\ WR GHPRQVWUDWH WKDWϱϱϮ
GRZQVWUHDPRIDQLQFUHDVHLQDVWURF\WH>&D@L&2;DFWLYLW\DQGJOXWDWKLRQHDUHUHTXLUHGϱϱϯ
IRU YDVRGLODWLRQ WR RFFXU +RZHYHU DV WKLV SKDUPDFRORJLFDO DSSURDFK ODFNV FHOOXODUϱϱϰ
VSHFLILFLW\ D FRQWULEXWLRQ RI QHXURQDOO\SURGXFHG 3J( WR WKH K\SHUFDSQLDHYRNHG &%)ϱϱϱ
UHVSRQVHFDQQRWEHFRPSOHWHO\H[FOXGHG1HYHUWKHOHVVRXUFRQFOXVLRQWKDWDVWURF\WH&2;ϱϱϲ
GHULYHG3J(UDWKHUWKDQQHXURQDO&2;GHULYHG3J(LVLQYROYHGLQWKH&%)UHVSRQVHWRϱϱϳ
K\SHUFDSQLDLVLQDJUHHPHQWZLWKSUHYLRXVILQGLQJV1LZDHWDO)XWXUHVWXGLHVFRXOGϱϱϴ
Ϯϱ

XVHDQDVWURF\WHVSHFLILFJHQHWLFVWUDWHJ\VXFKDVFHOOVSHFLILFNQRFNRXW&DVSHUHWDOϱϱϵ
WRFRQILUPWKDWK\SHUFDSQLDHYRNHGYDVRGLODWLRQVRFFXUULQJGRZQVWUHDPRIDVWURF\WH>&D@LϱϲϬ
UHVSRQVHVDUHGHSHQGHQWRQDVWURF\WHJOXWDWKLRQHOHYHOVDQG&2;DFWLYLW\ϱϲϭ
,Q FRQFOXVLRQ ZH GHPRQVWUDWH D QRYHO PHFKDQLVP E\ ZKLFK DVWURF\WHV GHWHFWϱϲϮ
K\SHUFDSQLD DQG YLD >&D@L VLJQDOV LQFUHDVH &%) LQ UHVSRQVH WR &2  $VWURF\WHV DUHϱϲϯ
WKHUHIRUH SRLVHG WR GHWHFW WKH PHWDEROLF DFWLYLW\ RI QHXURQV DQG WR PRGLI\ YDVFXODU WRQHϱϲϰ
DSSURSULDWHO\ WR GHOLYHU JOXFRVH DQG 2  7KLV LPSRUWDQW SDWKZD\ PD\ EH LPSDLUHG LQϱϲϱ
FRQGLWLRQV LQZKLFKR[LGDWLYH VWUHVV UHGXFHV*6+ OHYHOV LQ DVWURF\WHV OHDGLQJ WR LPSDLUHGϱϲϲ
&%)UHVSRQVHVDQGDOWHUHGYDVFXODUUHDGRXWVRIQHXUDODFWLYLW\ϱϲϳ
ϱϲϴ
5HIHUHQFHVϱϲϵ
$LQVOLH31'XIILQ-,QWHJUDWLRQRIFHUHEURYDVFXODU&2UHDFWLYLW\DQGFKHPRUHIOH[ϱϳϬ
FRQWURO RI EUHDWKLQJ PHFKDQLVPV RI UHJXODWLRQ PHDVXUHPHQW DQG LQWHUSUHWDWLRQϱϳϭ
$PHULFDQ MRXUQDORISK\VLRORJ\5HJXODWRU\ LQWHJUDWLYHDQGFRPSDUDWLYHSK\VLRORJ\ϱϳϮ
5ϱϳϯ
$QVDUL0$6FKHII6:2[LGDWLYHVWUHVVLQWKHSURJUHVVLRQRI$O]KHLPHUGLVHDVHLQWKHϱϳϰ
IURQWDOFRUWH[-RXUQDORIQHXURSDWKRORJ\DQGH[SHULPHQWDOQHXURORJ\ϱϳϱ
$WWZHOO'%XFKDQ$0&KDUSDN6/DXULW]HQ00DFYLFDU%$1HZPDQ($*OLDOϱϳϲ
DQGQHXURQDOFRQWURORIEUDLQEORRGIORZ1DWXUHϱϳϳ
%ODQFR 90 6WHUQ -( )LORVD -$  7RQHGHSHQGHQW YDVFXODU UHVSRQVHV WR DVWURF\WHϱϳϴ
GHULYHG VLJQDOV $PHULFDQ MRXUQDO RI SK\VLRORJ\ +HDUW DQG FLUFXODWRU\ SK\VLRORJ\ϱϳϵ
+ϱϴϬ
%RQGHU '( 0F&DUWK\ .'  $VWURF\WLF *T*3&5/LQNHG ,35'HSHQGHQW &Dϱϴϭ
6LJQDOLQJ 'RHV 1RW 0HGLDWH 1HXURYDVFXODU &RXSOLQJ LQ 0RXVH 9LVXDO &RUWH[ ,QϱϴϮ
Ϯϲ

9LYR 7KH -RXUQDO RI QHXURVFLHQFH  WKH RIILFLDO MRXUQDO RI WKH 6RFLHW\ IRUϱϴϯ
1HXURVFLHQFHϱϴϰ
%UDJLQ '( =KRX % 5DPDPRRUWK\ 30XOOHU:6 &RQQRU -$ 6KL +  'LIIHUHQWLDOϱϴϱ
FKDQJHV RI JOXWDWKLRQH OHYHOV LQ DVWURF\WHV DQG QHXURQV LQ LVFKHPLF EUDLQV E\ WZRϱϴϲ
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ϳϵϭ
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RI SKRWRO\VLV RI FDJHG ,3 Q DV GHVFULEHG LQ $  &0HDQ OXPHQ GLDPHWHU FKDQJH LQϴϬϲ
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ZLWKEDVHOLQHRI EDVHOLQH WDNHQGXULQJVSUHFKDOOHQJH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UDWV IRU HDFK JURXS &0HDQ QHXUDO UHVSRQVH /)3 PDJQLWXGH WR ZKLVNHU SDG VWLPXOXVϴϯϭ
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DQG%62UHGLQMHFWHGUDWVϴϯϰ
Q  UDWV IRU HDFK JURXS  (0HDQ QHXUDO UHVSRQVH /)3 PDJQLWXGH WR ZKLVNHU SDGϴϯϱ
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